attempts to identify genes that show circadian cycles of mRNA expression have been made in Neurospora, Drosophila, mouse, and cyanobacteria, using differenResults: Using two independent tissue sampling and tial/subtractive screens or reporter gene insertions [12-hybridization regimes, we show that ‫%9ف‬ of the 2122 15]. In Arabidopsis, high-density oligonucleotide and genes studied show robust circadian cycling in the liver.
Introduction
In mammals, circadian rhythms are generated by a central pacemaker in the suprachiasmatic nuclei (SCN) of the hypothalamus [1, 2]. The SCN impose temporal moving window" analyses scanned across the circadian significant circadian rhythms in the liver (Figure 2A ). Moreover, for both genes, there was a significant statisticycle comparing the relative abundance of mRNA expression between two samples 12 hr apart. For rhythmic cal correlation between the relative changes in mRNA expression as determined by the microarray and by the genes, this yielded a linear plot as the comparison moved from peak:trough, through midpoint:midpoint to in situ signal. The novel genes also exhibited statistically significant circadian expression profiles peaking in late trough:peak, or vice versa depending on phase ( Figures  1B and 1C, left-hand panels) . The amplitude of changes subjective day (Nfix and bspR19) or late subjective night (Pnp). As for the canonical clock genes, there was a revealed by this moving window analysis was ‫-2ف‬fold greater than the anchored comparison, because it was direct correlation between the array and in situ hybridization data for the novel rhythmic genes. The circadian likely to incorporate a comparison of the two extreme levels of gene expression within the cycle. For the two cycles of gene expression revealed independently by the two strategies for microarray analysis were therefore strategies, statistically significant cycles of expression were revealed by spectral (anchored) and cross-correlacorroborated by in situ hybridization.
tion (moving window) analyses (see Experimental Procedures). Only genes confirmed as rhythmic by both ap-
A Subset of Novel Liver Circadian Genes proaches were considered. Of 2122 genes sampled, 187
Is Also Expressed in the SCN (8.8%) gave significantly rhythmic profiles. Although we To explore potential contribution to pacemaker function, did not discriminate with respect to amplitude, 32 genes the expression of the three novel genes in the SCN showed Ͻ1.5-fold amplitude (peak to trough), while 19 was examined. Whereas the canonical clock genes were revealed an amplitude Ͼ4-fold.
expressed in the SCN with high-amplitude cycles ( Figure  Hierarchical cluster analysis of the anchored data [18] 2B), of the three novel genes, Pnp was expressed at a revealed eight clusters ( Figure 1A and Table S3 in the modest level, whereas expression of Nfix and bspR19 Supplementary Material available with this article onwas low, and none exhibited a statistically significant line). Clusters 1 through 3 include genes whose trancircadian rhythm in the SCN. We then examined the scripts peak in expression between CT14-18 and include striatum, a structure intimately involved in the expresmPer1 (cluster 2) and mPer2 (cluster 3) (Figures 1A and sion of spontaneous locomotion. As anticipated, the 1B). The large cluster 4 has an earlier peak (CT10- 14) canonical genes again showed a statistically significant and includes Ltbr and Vcam, while cluster 5 includes circadian expression pattern in the striatum, peaking at Arnt-like (Bmal1), which characteristically peaks in anti-CT12 (mPer2) or CT4 (mBmal1). Expression of Nfix and phase to Per ( Figure 1C ) [19] . It is clear from these data bspR19 was constitutive, but Pnp exhibited a significant that the transcriptional profile of the liver changes syscircadian cycle of expression, peaking around CT12-16 tematically and progressively through the circadian ( Figure 2B ). cycle.
To examine tissue-specific circadian regulation furThere was an interaction between the phase of peak ther, we conducted moving window and anchored comexpression and the amplitude of expression. Whereas parisons on RNA samples from hypothalami collected genes with amplitudes of less than 2-fold tended to peak from mice across the second circadian cycle in DR:DR around CT18, there was a significant tendency for genes and hybridized to the microarray. We focused our attenwith higher amplitudes to peak at CT02 and CT14, retion on the 187 genes that were rhythmically expressed flecting the subjective light/dark transitions ( Figure 1D) . in the liver. Of these, only 19 ‫)%01ف(‬ including mPer1-3 A striking observation is that the three most dramatic and Bmal1 were also identified by both array strategies cycles in terms of amplitude were those corresponding as rhythmic in the hypothalamus. None of the three novel to Bmal1 (15-fold), mPer1 (9-fold), and insulin-like genes tested by in situ hybridization of the liver and growth factor binding protein-1 (22-fold). The canonical brain (Nfix, Pnp, and bspR19) were rhythmic, either by clock genes mPer2 (7-fold) and mPer3 (4-fold) followed array or by in situ analysis (Figure 2 ). Of the other novel closely behind. This implies that canonical clock genes liver genes, those with amplitudes greater than 2-fold may present the highest amplitudes within the cycling in the hypothalamus include Timp3, Tff1, Ubce7, Wee1 gene subset of peripheral tissues.
homolog, Ap1b1, and Tubb4. All except Wee1 (which had similar phases in both tissues) showed between 6 to 10 hr delays in their oscillation in the liver compared Independent Corroboration of Transcriptional to the brain (data not shown). These results demonstrate Cycling by In Situ Hybidization that the potential for circadian expression of these In situ hybridization was used to cross-validate the cyclock-regulated genes is tissue dependent. cles observed on the arrays for two canonical genes (mPer2 and Bmal1) and three novel cycling genes, Nfix, Pnp, and a sequence similar to rat brain specific polyTranscriptional Cycling of Novel Circadian Genes in the Liver Is Dependent on the SCN peptide R19 (bspR19). These novel genes were selected because they exhibited cycles of modest amplitude (beTo examine the role of the SCN in circadian regulation of liver transcriptional cycles, liver mRNA was extracted tween 1.45-and 1.76-fold) and were in phase with one or other of the canonicals. Examination of their expression from mice that had sustained bilateral surgical ablation of the SCN ( Figure 3A) . 2 periodogram analysis conpattern by in situ hybridization would therefore provide a rigorous, independent test of the array data on a third firmed the loss of circadian activity/rest cycles in lesioned animals, and the extent of the lesion was detergroup of animals. As anticipated, mPer2 and Bmal1 were "expressed with high amplitude and showed statistically mined by post-hoc histological analysis (Figures 3A and 3B). Tissues were sampled on the second cycle in conucts (see Table S3 , Figure 4A ). A striking finding was that several genes encoding components of key metabolic tinuous darkness at projected CT0, CT6, CT12, or CT18, and extracted RNA hybridized to the microarray using pathways exhibited robust transcriptional cycling in the liver, including three genes in the glycolysis pathway: the anchored comparison between CT0/CT6 and CT0/ CT18. To avoid comparing data directly between two 6-phosphofructokinase-2 (Pfk-2), aldolase (two isoforms, Aldo1 and Aldo3), and glucose phosphate isomerase array experiments performed under different hybridization conditions, we obtained a measure of amplitude for (Gpi ) ( Figure 4B ). These functionally related genes have expression peaks at the subjective day/night transition cycling genes versus noncycling genes and compared it between lesioned and intact animals. We thus identified and in the subjective night, corresponding to the active, ingestive phase of the animals. We also identified many genes from our first anchored experiment that cycled with a peak in the liver at CT6 and CT18 and subtracted genes encoding essential structural elements within cells, including four tubulin subunit monomers (Tuba4, the Cy5/Cy3 ratio from the corresponding CT0/CT6 and CT0/CT18 points, obtaining a measure of rhythm ampliTubb3, Tubb4, and Tubb5), Disabled-2 (Dab2) and LIM and SH3 protein 1 (Lasp1), the majority of which clustude. We then compared this amplitude to that obtained from those same CT points, from our pool of "noncytered with a pronounced nadir at CT14 ( Figure 4C ). Several genes involved in vesicle transport and endocytosis cling" liver genes in the intact group. Next, we calculated the corresponding amplitudes generated from the were also identified in the circadian transcriptome (Figure 4D) . Various subunits of the AP-1 adaptor protein com-SCN-lesioned animals, by taking those same cycling genes that peak in intact mice at CT6 and CT18 and plex (Ap1b1, Ap1m1, and Ap1s1) have modest rhythms of gene expression that cycle in phase with each other, comparing them with the same noncycling genes from the experimental subjects. Two-way ANOVA (cycling peaking half-way through the subjective night at CT18. Synaptojanin 2 (Synj2) expression follows a similar patversus noncycling, intact versus lesioned) produced a significant interaction [F (1, 1130) ϭ 7.55, p ϭ 0.006], revealtern, with its peak occurring earlier, between CT10 and CT18. In contrast, Disabled-2, whose gene product is ing that the large difference in amplitude between cycling and noncycling genes in intact mice was lost in thought to be involved in vesicle endocytosis, exhibits an antiphase pattern of transcription, with a nadir at CT14. SCN-ablated animals ( Figure 3C . n.b. the difference in overall amplitude between the two experiments simply A final group of genes, four members of the solute transporter family (Slc12a2, Slc16a1, Slc19a1, Slc25a11), reflects inevitable slight differences in hybridization conditions). In addition, we compared similar moving winshow widely varying phases and amplitudes of cyclical gene expression ( Figure 4E ). This illustrates that funcdow data for each cycling gene that peaked at CT0 or CT12 and CT6 or CT18 from ablated and intact animals.
tionally related genes are not necessarily expressed in the same circadian phase and raises the possibility that We observed that in 94% of the cases, the amplitude was lower in the surgically treated animals on a genefunctional cascades are subject to temporally finegrained circadian regulation. correspondence between the two studies, in that of 13 phosphatase), a key control point in both glycolysis and gluconeogenesis. Circadian transcriptional regulation of novel cycling genes (or close family members) that were common to our study, ten were rhythmic in our analysis, metabolic enzymes and the mechanisms controlling their patterning await further clarification. The cycles and the other three were on our "reserve" list, just failing to reach our statistical criteria for inclusion (see Tables  may be an indirect consequence of circadian regulation of ingestion and/or a direct circadian control, mediated S1 and S3).
Our observation that ‫%9ف‬ of transcripts were circaby neural and neuroendocrine links from the SCN. Under normal circumstances, direct circadian programming of dian regulated is rather higher than the value of 2%-6% reported from studies examining different species and the glycolysis and gluconeogenic pathway would complement homeostatic regulation driven by ingestion. For tissues and may reflect the customized gene set designed specifically for liver transcripts and our statistical example, transcript levels for Pfk-2 peaked at CT10, before the onset of the active period of the animal and inclusion of low-amplitude rhythms. If an amplitude threshold of 2-fold is applied, then the total would fall presumably independently of feeding. Expression of Pck1 (phosphoenolpyruvate carboxykinase 1), an ento ‫,%4ف‬ similar to that reported in Arabidopsis and Drosophila [16, 17, 20, 21] . However, our in situ hybridzyme intimately involved in gluconeogenesis, also peaks at the subjective day/night transition and may share a ization analysis of three novel genes with amplitudes Ͻ2-fold, reveal the conservatism of this threshold and similar circadian regulation. The finding that other enzymes in the glycolysis pathway (e.g., Aldo1/3 [aldolase] thus the underestimation of the true extent of the circadian transcriptome. Whether cycling mRNA leads to cyand Gpi1 [glucose phosphate isomerase1]; see Figure  4B ) peak together at CT20, toward the end of the active cling protein levels, particularly for low-amplitude mRNA oscillations, remains to be seen. It is nevertheless interphase, suggests that circadian upregulation may reflect a combination of direct circadian programming and an esting to note that changes in gene expression levels of considerably less than 1.5-fold, that are readily generindirect, homeostatic response to ingestion, as demonstrated for the expression of Per1 in the liver, which is ated using different transformant lines of Drosophila carrying the period transgene (and whose transcript also acutely sensitive to feeding schedule [25, 26] . cycles), produce quantifiable phenotypic changes [22] .
Of the highest amplitude cycles observed, canonical Circadian Control of Cellular Vesicle Trafficking clock genes were disproportionately represented, a and Cytoskeletal Structure finding consistent with global circadian transcription in
Several genes encoding proteins involved in endocytoDrosophila heads [20, 21] . The higher amplitude cycling sis also exhibited circadian rhythms in their expression genes tended to peak at subjective dawn and dusk, ( Figure 4D ). Levels of Synj2 (synaptojanin 2) are maximal whereas the peaks of lower amplitude cycles had a very between CT10-18, while another gene, Dab2 (Disabled-2), strong tendency to occur later at night. This suggests peaks at CT22 (see Figure 4D) . Synaptojanin 2 is a rethat within the liver's temporal wave of transcriptional cently characterized inositol 5-phosphatase involved in activation, such low-amplitude genes might perhaps reclathrin-mediated endocytosis of receptors [27] . Disside at the bottom of a circadian regulatory network, abled-2, a protein believed to be involved in many asso that a temporal delay is inevitable because of their pects of vesicle trafficking and cytoskeletal integrity, has dependence on the cycling transcription (and translabeen linked to endocytosis of low-density lipoprotein tion) of upstream components. If so, it may be a general receptors (LDLRs) [28] . The LDLR is essential for the rule that the amplitude of the central molecular oscillator uptake of lipids into hepatocytes, which occurs preis dissipated down the individual clock-controlled netdominantly through clathrin-mediated endocytosis. It is works rather than "geared up." Perhaps when a more therefore possible that uptake of lipoproteins from the comprehensive transcriptional analysis is performed blood is under circadian control. The finding that tran-(we have only assayed ‫%5ف‬ of the murine transcripts encoding three (out of four) components of the scriptome) a clearer picture may emerge from the bioadaptor protein-1 (AP-1) complex (Ap1b1, Ap1m1, and chemical pathways in which many components cycle. Ap1s1) oscillate in phase suggests that there may also One such pathway is the Arabidopsis phenylpropanoid be circadian control over vesicle trafficking within the cascade, in which the controlling transcription factor cell (see Figure 4D ). The AP-1 complex is important PAP1 appears to show the third highest amplitude in protein sorting and receptor recycling (e.g., LDLRs). among 18 cycling genes, many of which appear to have Specifically, AP-1 is involved in trafficking between the very modest amplitudes [16] . Indeed, we provide evitrans-Golgi network (TGN) and the cell surface [29] . dence that similar circadian coordination also exists in Thus, both receptor-mediated endocytosis and recythe mammalian liver.
cling of endocytosed receptors may be coordinated by the circadian clock.
Expression of many genes encoding key cytoskeletal Circadian Control of Liver Glucose Metabolism
Numerous genes involved in liver metabolism, including elements is circadian in nature. Moreover, they oscillate in phase (see Figure 4C ). Among them are four tubulin enzymes and transporters (see Table S3 and Figure 4A ), were rhythmic, consistent with reports of circadian subunits (Tuba4, Tubb3, Tubb4, and Tubb5), heterodimeric polymers of which produce functional microturhythms in activity of some glycolytic enzymes and the citric acid cycle [23, 24] . In particular, we found robust, bules. If microtubule formation in cells throughout the liver is coordinated by the circadian system and achigh-amplitude transcript cycling of the bifunctional enzyme Pfk-2 (phosphofructokinase-2/fructose-2,6-biscounting for the time lag between mRNA and protein production, we can predict that ␣-tubulin and ␤-tubulin specific role of protein turnover in circadian timing in Drosophila [1]. proteins achieve highest levels at CT6, the midpoint of the rest phase. Microtubules perform key functions in cell division, and a testable hypothesis is that extensive Conclusions microtubule formation is related to the cycle of cell diviThe expression of rhythmicity at transcriptional and presion, with mitotic spindle formation occurring principally sumably also at posttrancriptional levels indicates that at CT6. The recent finding that cell cycle regulators a host of hepatic functions are under tight circadian cyclin D3 and cdk4 undergo circadian oscillation in syncontrol, coordinated to the animal's behavior and the chronized fibroblasts [30] and that we observed oscillasolar cycle. Rhythmic liver mPer2 expression in rats is tion in cell cycle genes (e.g., cyclin D1) confounding effects of genetic mutation within the liver. including steroid synthesis and detoxification [31] .
As noted earlier, the SCN can exert circadian control Among our set of cycling genes were three cytochrome over the liver in several, interlinked ways. First, by main-P450 genes, including Cyp17 and Cyp2a4 (important taining a circadian rhythm of rest/activity and thereby of in steroid synthesis) and Cyp2e1, a key detoxification feeding, periodic satiety and fasting may be the primary enzyme localized to the endoplasmic reticulum [32] . Furdriving factor [25, 26] . Second, the SCN drives circadian thermore, Gstt2 Table S2 gives the raw log2 Cy5/Cy3 of liver tissue from four mice were pooled, and labeling, hybridizaratios for the different time points for both anchored and moving tion, and primary analysis were carried out according to reference window comparisons for each locus. Finally, Table S3 provides 
